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Abstract- Based on heavy aircraft main landing gear tires touchdown skidding process, patents have been registered since 
the 1940s to improve tire safety, decrease the substantial wear and smoke that results from every landing by spinning the rear 
wheels before touchdown. A single wheel has been modeled as a mass-spring-damper system using ANSYS mechanical 
transient simulation to analyze static and pre-rotating wheels behavior during a short period between touchdown and 
skidding, to spin-up to reach the equivalent of the aircraft ground speed. In this paper, a case study is presented of a Boeing 
747-400 main landing gear wheel to compare the skidding distance and time between initially static and pre-spun wheels. 
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I. INTRODUCTION 
 
The approach speed of heavy aircraft on landing is 
high because of weight limitations; and leads to 
skidding on its main landing gear tires, caused by the 
high slip ratio between the tires and the runway 
surface, as the landing system does not provide tire 
spin-up before touchdown. The heat generated by 
high slip tires at touchdown is enough to melt the thin 
layer of rubber and adhere it to the runway surface 
[1]. During the tire skidding phase, the tire tread 
temperature rises immediately to reach critical 
temperature.  At critical temperature, the tread rubber 
material bonds break; and then wear occurs easily by 
friction force. Therefore, the skidding process 
produces tire wear as rubber burns off and tire 
material is worn away while the tires accelerate to 
match the forward speed of the aircraft along the 
runway [2]. A proportion of  rubber particles burn off 
under the skidding wheel and evaporate in the form 
of smoke (≈ 32%),  while the remaining proportion 
stays on the runway to be removed later[3]. Few 
studies were found to have simulated tire dynamics 
during landing. Padovan, Kazempour and Kim (1990) 
built an energy-balance model of the space-shuttle 
single wheel to compute the rate of work due to 
interfacial friction between tire and runway. In this 
study, the distance of fully locked wheels were varied 
between 0.101 to 0.241 depending on the constant 
friction coefficients of 0.7 and 0.3 respectively [4].  
Besselink (2000) simulated ‘shimmy’ oscillation in 
the main landing gear of a Boeing 747-400 aircraft. 
Some experimental data was recorded, including the 
wheel speed time during landing [5]. Useful data to 
validate our model was presented by Khapane (2004), 
who showed that aircraft tires accelerated from zero 
rotational speed to a free-rolling velocity within about 
0.1 seconds from touchdown, which agreed with 
Basselink’s results [6]. Some patents were suggested 
by Beazley (1947) and others, to pre-spin the main 
landing gear wheel before touchdown by wind 
energy, in order to avoid high wheel slip ratio and  
 
prevent aircraft landing smoke [7]. However, the 
majority of tire wear occurs at fully locked wheel, 
when the slip has maximum value. In this paper, a 
comparison between static and pre-rotation wheels 
has been carried out to estimate how much reduction 
of the full skid wheel distance can be achieved. The 
Boeing 747-400 data are used as a case study in this 
simulation, divided by the number of rear wheels 
(16), to be valid for single wheel model. 
 
II. SIMULATION MODEL 
 
To simplify the model, and because the comparison 
involves making the same assumption for all wheel 
statuses, we used the following assumptions 
supported with references: 
•The pilot does not use brakes immediately after 
touchdown to avoid locked wheels, which increases 
skidding [8]. Therefore, a constant horizontal speed 
was used in this simulation. 
• The aircraft will touchdown with all of the main 
wheels and zero wing lift [9] [10]. So, maximum 
aircraft landing weigh is used. 
•The nose wheel will touch the ground approximately 
two seconds after the main wheels touchdown [11]. 
Therefore, the aircraft weight divided by the number 
of rear wheels only. 
 
2.1 Landing Gear Dynamics 
The simple mass-spring-damper is modelled using the 
ANSYS transient as shown in Figure 1, ܨ௬ represents 
the downward force created by the landing gear 
structure, and it is equal to the weight applied on the 
shock absorber [12][13].  
Balancing forces are vertical to present oscillation of 
vehicle mass: 
 
ܨ௬ = ݉̈ݕ + ܿ̇ݕ + ݇ݕ(1) 
 
Where, m is the vehicle mass, c is the shock absorber 
damping coefficient (Ns/m), k is the landing gear 
linear stiffness (N/m), and y is the lumped mass 
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vertical displacement (m) with an initial value equal 
to zero. ̇ݕ is the vertical velocity (m/s), and  ̈ݕ is the 
vertical acceleration (m/ݏଶ). 
 
 
Fig.1. Mass-spring-damper system shown (left) and ANSYS 
model (right) 
 
However, from inspection of the system in Figure 1 
and equation (1), the reaction force over the tire 
contact patches is: 
 
ܨோ = ܿ̇ݕ + ݇ݕ(2)  
 
And the friction force ܨ௫ = µ	ܨோ  has an assumed 
constant friction coefficient (µ = 0.65). At 
touchdown, the tire is deflected under the vertical 
load force to an acceptable deflection level; as it is 
supported by its inflation pressure and the stiffness of 
the material. In this case, the effective tire radius 
should be used, which can be calculated using the 
radial tires deflection formula[14]: 
 
ݎ௘ = ܴ − ఋଷ(3) 
 
Where R is the wheel radius(m), and ߜ  is the tire 
deflection (m). 
 
2.2.    Slip (skidding) distance 
The wheel may spin-up to be over the free-rolling 
level and then spin-down. Therefore, the longitudinal 
wheel slip ratio λ is defined as: 
 
λ = ௩ି௥೐ఠ
௩
        ifݎ௘߱ ≤ ݒ 
λ = ௥೐ఠି௩
௩
 if     ݎ௘߱ > ݒ,  
 
Where, v is the aircraft forward speed (m/s), and ߱ is 
the wheel angular velocity (rad/sec). The upper part 
of the slip formula is the relative (skidding) speed 
between a point tangential to the outer tire surface 
and the forward speed of the aircraft along the 
runway. At the beginning of spin-up or fullywheel 
skid,ݎ௘߱ ≤ ݒ this can be written as: 
 
The wheel angular velocity can be calculated as:  
 
߱ = න߱̇ + ߱௜ 
Where,߱௜  is the initial wheel velocity, and ߱̇ is the 
wheel angular acceleration which can be defined as: 
 
߱̇ = ܨ௑ݎ௘
ܫ
 
Where, I is the wheel moment of inertia (kg݉ଶ).  
When ߣ = 1, the wheel is fully locked, and the spin-
up ends at ߣ = 0. In the process of tire spin-up or 
when fully locked, the skid distance can be defined 
as: 
 
ܮ = ∫ ݒ௦௞௜ௗ		݀ݐ (4)  
 
From equation (4), ݒ௦௞௜ௗ	 is function of wheel angular 
velocity, and when ߱ = 0, the wheel is fully locked, 
ݒ௦௞௜ௗ	 = ݒ . Because v is constant, so once we 
calculate  the distance, L, simply the skidding time is: 
 
ݐ = ܮ
ݒ
 
 
III. SIMULATION METHODOLOGY 
 
The simulation framework has been developed to 
evaluate the tire dynamics in the virtual environment. 
The Boeing 474-400 tire (H49x19.0-22) geometry is 
developed using the ANSYS design modeler with its 
data as shown in table 1 [15][16]: 
 
Table 1: Wheel data 
 
 
The tire is modeled as rubber material only, half of 
the cross-section of the 3D tire model and rim was 
constructed and shown in Figure2, with enough 
thickness because only the dynamic behavior is 
required. Based on the standard model material 
available in ANSYS, the rubber is represented as a 
hyper-elastic material, the runway material is asphalt 
and 75m long; and the other parts: rim and weight 
box are aluminum alloy with different densities. A 
suitable Mooney-Rivlin material model is used for 
the tire with a suitable Poisson’s Ratio.Table 2 shows 
some of the rubber material properties[17]: 
 
Table 2. Tire material properties 
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Fig.2.Half of the cross-section of the 3D tire model & rim 
 
The shock absorber connected to the wheel axle has a 
combined spring constant of 3.125ݔ10ହ  N/m, and 
damping coefficient of 3.42ݔ10ହ Ns/m [9]. It is also 
connected to the weight box (18,484 kg) which is the 
proportion for a single wheel calculated from the 
maximum landing weight of the aircraft, and the 
input speed, ݒ = 75.6݉/ݏ is based on the approach 
speed (80.77 m/s) minus 5.14 from flare deceleration,  
and the vertical sink rate is set to be 3m/s [18][19]. 
The pressure set inside the tire is 215 Psi, as proposed 
by Boeing and FAA [20]. However, the simulation 
result was for 1 sec after landing impact, and the 
ANSYS code (OMGZ) is used to calculate the tire 
rotation around the z-axis.  
 
IV. RESULTS AND DISCUSSION 
 
From first simulation with ߱௜ = 0, we obtained the 
tire deflection and the tire free- rolling to set the 50% 
pre-rotation for the 2nd  and 3rd simulations.  The 
effective radius can be simply calculated using 
equation (3). However, Figure 3 shows the moment 
of touchdown, and Figure 4 shows the wheel angular 
velocity (the negative sign represents –z axis). 
 
 
Fig.3.Transient tire touchdown 
 
Fig.4. Static wheel angular velocity 
 
The results of the static wheel touchdown are shown 
in Figure 5. The tire was fully locked for 0.03 sec 
with a distance of 2.27 m; and then started to spin-up 
for 9.1 m for 0.12 sec, which agreed with the 
literature. The curve shows the wheel spin-up is more 
than the free-rolling level, and then wavers to spin-
down to reach a steady state (ݒ = ߱ݎ௘).  From this 
relation with ݎ௘ = 0.619	݉	(calculated from equation 
3), free rolling velocity,߱ = 122ݎܽ݀/ݏ݁ܿ; therefore, 
50% pre-rotation will be 61 rad/sec.  
 
 
Fig.5. Static wheel angular velocity vs. time 
 
The 2nd and 3rd simulation results for 50% and 100% 
pre-rotation are shown in Figures 6  & 7 respectively. 
For 50% pre-rotation, the wheel velocity dropped to 
1.8 rad/sec immediately, losing about 97% and then 
recovering to waver for 0.07 second to spin-up and 
reaching 142 rad/sec to waver again for 0.13 seconds 
before reaching a steady state.  
 
 
Fig.6. 50% pre-rotated wheel angular velocity vs. time 
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Fig.7. 100% pre-rotated wheel angular velocity vs. time 
 
The reduction of wheel angular velocitypre-rotated 
100% is about 96% of  its speed at the moment of 
touchdown, as it reached 3.8 rad/sec and then 
recovered immediately with many waves to spin up 
after 0.08 seconds and over-shoot 146rad/sec. The 
rolling steady state was achieved after 0.15 seconds.  
Figure 8 compares the wheel angular velocity for the 
three stages. 
 
 
Fig.8. A Comparison of wheel angular velocity vs. time with 
initial rotation speeds 
 
CONCLUSIONS 
 
The fully locked wheel is the critical phase of aircraft 
tire touchdown; which melts the tread rubber and 
causes wear and smoke. The model shows a 
comparison of aircraft tire skid distance at the 
moment of landing impact for static and pre-rotating  
wheel. The results show that the 50% of the initial 
wheel rotating speed before touchdown is enough to 
avoid full tire skid, because the rotating wheel for all 
speeds is lost 96-97% of its rotation at the moment of 
landing impact. The spinning wheel was very close to 
be full skid, but it recovers immediately while the 
static wheel is still fully locked for 0.03 seconds and 
2.27 m.   
 
However, because most of the proposed solutions to 
spin the wheel were to use wind turbines, 50% pre-
rotation give good opportunity to use small drag 
turbine as the wind is high at aircraft approach speed. 
Moreover, full spin is required large wind turbine 
while its size must be small to avoid aerodynamic 
effect or extra weight and to be fit in aircraft 
undercarriage. 
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